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DIELECTRIC WAVEGUIDE WITH TRANSVERSE INDEX 
VARIATION THAT SUPPORT A ZERO GROUP VELOCITY MODE 
AT A NON-ZERO LONGITUDINAL WAVEVECTOR 

CROSS-REFERENCE TO RELATED APPLICATIONS 
This application claims priority to U.S. provisional patent application 60/243,565 
filed October 26, 2000, the contents of which are incorporated herein by reference. 

BACKGROUND 

Optical components are becoming increasingly more common in telecommunication 
networks. For example, waveguides such as optical fibers are used to carry information 
between different locations as optical signals. Such waveguides substantially confine the 
optical signals to propagation along a preferred path or paths. Similarly, other components 
such as sources, modulators, and converters often include guided regions that confine 
electromagnetic (EM) energy. Although metallic waveguides have a long history of use at 
longer wavelengths (e.g., microwaves), their usefulness as waveguides in the optical regime 
(e.g., 350 nm to 3 microns) is limited by their absorption. Thus, dielectric waveguiding 
regions are preferred in many optical applications. 

One example of an optical component that confines electromagnetic energy is a fiber 
laser. Typically, such lasers include a high-index core that radially confines EM radiation 
through total internal reflection (TIR). In addition, they include refractive index modulations 
along their length to axially confine radiation and define a lasing cavity. For example, two 
Bragg gratings can surround a gain medium and define end reflectors, thereby forming what 
is called a "distributed Bragg reflector (DBR) laser." Altematively, the axial modulation can 
extend throughout the length of the gain medium to form a "distributed feedback (DFB) 
laser." 

One way of thinking about the resonant modes for such cavities is that they 
correspond to modes that spend a long time in the cavity. In other words, they correspond to 
modes at fi-equencies where the group velocity, = 9cD/5p , approaches zero (where ©(p) 
gives the dispersion relation for a mode with angular frequency co at a longitudinal 
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wavevector p ). This condition is equivalent to a divergence in the density of states (DOS) as 
a function of frequency co . 

Photolithographic techniques are typically used to form the axial index modulations 
in fiber lasers. For example, high-intensity regions of a standing wave illumination pattern 
can induce photo-refractive changes in index along the length of the fiber. 

SUMMARY 

The invention features a dielectric structure having a longitudinal axis, which 
supports an electromagnetic mode having a region where the group velocity passes from 
negative values to positive values over a range of non-zero longitudinal wavevector (i.e., it 
has a zero group velocity crossing). The presence of the mode having the zero group 
velocity crossing is caused by an index modulation perpendicular to the longitudinal axis. In 
other words, the zero group velocity mode can be present even when the dielectric structure 
has continuous translation symmetry along its longitudinal axis. Such symmetry is 
equivalent to the structure having a uniform cross-section. Notably, metallic regions are not 
necessary to produce the zero group velocity crossing, thus any component incorporating the 
structure may be all-dielectric, thereby avoiding the optical losses associated with metallic 
materials. 

The dielectric structure may used in a variety of applications. For example, the 
dielectric structure may be used to define the cavity for a laser. Furthermore, it may define a 
cavity used to build up optical intensity for nonlinear applications such as optical switching. 
Moreover, it may be used as a time-delay element. Furthermore, the structure is highly 
dispersive in the region of the zero group velocity crossing, reflecting the fact that relative 
changes in the group velocity as a fiinction of frequency are very large at frequencies near the 
zero group velocity frequency. Thus, the structure may be used for dispersion compensation. 
Similarly, the presence of the zero group velocity crossing can cause large phase shifts to an 
incident optical signal when the structure is actively modulated (e.g., electrical or optical 
modulation) to switch the device away from the region of the zero group velocity crossing. 
Accordingly, the structure may be used as a modulator. 

The position of the zero group velocity crossing can be tuned for a desired end- 
application through a corresponding selection of the index cross-section. Furthermore, 
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because the structure can have continuous translation symmetry along its longitudinal axis, it 
can be manufactured through a continuous process such as co-extrusion or drawing or 
deposition. More generally such symmetry simplifies manufacture because no longitudinal 
modulation is necessary. Furthermore, because the zero group velocity crossing can be 
5 produced in an all-dielectric structure, losses associated with metallic regions can be avoided. 
We now summarize different aspects and features of the invention. 
In general, in one aspect, the invention features an optical component including a 
dielectric waveguide extending along a longitudinal axis and having a refi-active index cross- 
section perpendicular to the longitudinal axis. The refiractive index cross-section causes the 
10 dielectric waveguide to support an electromagnetic (EM) mode having a group velocity that 
passes fi-om negative values to positive values over a range of non-zero longitudinal 
wavevectors. For example, the frequency of the mode at the zero group velocity crossing 
Lrf, may correspond to a vacuum wavelength in the range of about 350 nm to about 3 microns. 

Embodiments of the optical component may include any of the following features. 

'aw? 

^ 15 The cross-section of the dielectric waveguide can include an inner dielectric region 

!q and an outer dielectric region surrounding the inner dielectric region. The outer dielectric 

fl region substantially confines EM energy of the EM mode within the inner dielectric region 

:s and the inner dielectric region includes a higher-index region surrounded by at least one 

j«i lower-index region. For example, the higher index region in the inner region can be a core 

i ^ 20 including the longitudinal axis of the waveguide. 

j -3 The outer dielectric region can include a series of concentric dielectric layers. For 

example, the layers can alternate between a first layer having a first thickness and a first 
refractive index and a second layer having a second thickness and a second refi^active index 
different from the first refractive index. Furthermore, the concentric layers in the outer 

25 region can form a Bragg reflector, and in some cases, they can form an omnidirectional 
Bragg reflector. Alternatively, the outer dielectric region can be a two-dimensionally 
periodic structure with a photonic bandgap. In addition to the outer dielectric region, the 
waveguide may further include further a metal layer surroxmding the outer region to further 
reduce leakage of the EM energy to the surrounding environment. 

30 In some embodiments, the inner dielectric region includes only the higher-index core 

and the one lower-index region surrounding the core. In other embodiments, the inner 
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dielectric region includes at least two lower-index regions surrounding the core and at least 
one additional higher-index region separating the lower-index regions. The refractive index 
of the core may be the same as, or different from, that of the higher-index region separating 
the lower-index regions. Similarly, the refractive index of the lower-index regions may be 
the same or different. Furthermore, the core can have a circular cross-section and the higher- 
index and lower-index regions can be concentric annular regions surrounding the core. 
Alternatively, the core and concentric regions may have a rectangular or hexagonal cross- 
section. 

Furthermore, the cross-section of the waveguide as a whole may be, for example, 
circular, hexagonal, or rectangular. Moreover, the waveguide may a uniform cross-section 
with respect to the longitudinal axis. Also, the longitudinal axis may be straight or it may 
include a curved portion. 

Finally, the optical component may further include a bias source coupled to the 
dielectric waveguide. During operation the bias source selectively alters the refractive index 
of a portion of the waveguide to alter the wavevector corresponding to the zero group 
velocity crossing. 

In another aspect, the invention features a laser including: the dielectric waveguide 
described above, wherein the dielectric waveguide includes a gain medium; and an excitation 
source coupled to the gain medium. During operation the excitation source causes the gain 
medium to emit photons at a frequency in the region where the group velocity of the EM 
mode passes from negative values to positive values. 

Embodiments of the laser may include any of the following features. 

The dielectric waveguide may include a core aligned with the longitudinal axis and 
multiple layers surrounding the core. The gain medium may be dispersed within the core. 
Alternatively, or in addition, the gain medium may be dispersed within one of the layers. The 
excitation source may be an optical source or an electrical source. The laser may further 
include a bias source coupled to the dielectric waveguide. During operation the bias source 
selectively alters the refractive index of a portion of the waveguide to alter the wavevector 
corresponding to the zero group velocity crossing. The bias source may be, for example, an 
optical or electrical bias source. 
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In another aspect, the invention features a nonlinear optical method including: 
providing the dielectric waveguide described above; coupling an input optical signal into the 
dielectric waveguide, wherein the input optical signal is at a frequency in the region where 
the group velocity of the EM mode passes from negative values to positive values; and 
receiving an output optical signal produced by a nonlinear optical interaction between the 
input signal and the dielectric waveguide. 

In another aspect, the invention features a nonlinear optical switch including: the 
dielectric waveguide described above; an input channel configured to couple an input optical 
signal into the dielectric waveguide, wherein the input optical signal is at a frequency in the 
region where the group velocity of the EM mode passes from negative values to positive 
values; and an output channel configured to receive an output optical signal produced by a 
nonlinear optical interaction between the input signal and the dielectric waveguide. 

In another aspect, the invention features an optical modulator including: the 
dielectric waveguide described above; and a bias source coupled to the dielectric waveguide. 
During operation the bias source selectively alters the refractive index of a portion of the 
waveguide to alter the region where the group velocity of the EM mode passes from negative 
values to positive values. For example, the bias source may be an optical or electrical bias 
source. The alteration of the refractive index may cause the frequency of the zero group 
velocity crossing to change or it may cause the zero group velocity crossing to disappear. 

In another aspect, the invention features a portion of an optical telecommunications 
network including: an optical transmission line connecting two nodes of the network; and 
the dielectric waveguide described above coupled to the transmission line between the two 
nodes, wherein the parameters of the waveguide are selected to offset group velocity 
dispersion introduced by the optical transmission line over a range of frequencies. The 
network portion may further include a bias source (e.g., an electrical or optical bias source) 
coupled to the waveguide. During operation the bias source selectively alters the refractive 
index of a portion of the waveguide to selectively alter its dispersion. 

In another aspect, the invention features a dispersion compensation method including: 
providing the dielectric waveguide described above; coupling an input optical signal into the 
waveguide to impart group velocity dispersion to the signal, wherein the input optical signal 
is at a frequency in the region where the group velocity of the EM mode passes from 
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negative values to positive values; and selecting the amount of group velocity dispersion 
imparted to the signal based on die parameters of the waveguide. The method may further 
include applying a bias to the waveguide to change the amount of group velocity dispersion 
imparted to the signal. 

In another aspect, the invention features an optical system including: at least two 
optical paths coupled at one end, wherein each path is configured to carry an optical signal; 
and the waveguide described above positioned along one of the paths. During operation the 
waveguide introduces a time delay to one of the signal when that signal is at a frequency in 
the region where the group velocity of the EM mode passes from negative values to positives 
value. 

In another aspect, the invention features an optical time delay method including: 
providing the waveguide described above; and delaying an optical signal by directing it 
through the waveguide, wherein the signal is at a frequency in the region where the group 
velocity of the EM mode passes from negative values to positive values. 

Other features, objects, and advantages of the invention will be apparent from the 
following detailed description and drawings, and from the claims. 

DESCRIPTION OF DRAWINGS 

The invention wall now be further described merely by way of example with 
reference to the accompanying drawings in which: 

Figure 1 is a cross-section of a cylindrical waveguide supporting a mode having a 
zero group velocity point at a non-zero longitudinal wavevector. 

Figure 2 are plots of the dispersion characteristics of the waveguide of Figure 1. 

Figure 3 is an area graph of the energy distribution for the zero group velocity mode 
of the waveguide of Figure 1. 

Figure 4 is a cross-section of another cylindrical waveguide supporting a mode 
having a zero group velocity point at a non-zero longitudinal wavevector. 

Figure 5 is a plot of the dispersion characteristics of the waveguide of Figure 4. 

Figure 6 is a schematic diagram of a laser based on a waveguide supporting a mode 
having a zero group velocity point at a non-zero longitudinal wavevector. 
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Figure 7 is a schematic diagram of a nonlinear optical module based on a waveguide 
supporting a mode having a zero group velocity point at a non-zero longitudinal wavevector. 

Figure 8 is a schematic diagram of an amplitude modulator based on a waveguide 
supporting a mode having a zero group velocity point at a non-zero longitudinal wavevector. 
5 Figure 9 is a schematic diagram of dispersion compensation based on a waveguide 

supporting a mode having a zero group velocity point at a non-zero longitudinal wavevector. 

Figure 10 is a schematic diagram of a time-delay element based on a waveguide 
supporting a mode having a zero group velocity point at a non-zero longitudinal wavevector. 

DETAILED DESCRIPTION 

10 The invention relates to a dielectric structure having a longitudinal axis, such as a 

cylindrical dielectric waveguide 100, whose cross-section is shown in Figure 1. Applicants 
j^^^ have discovered that refractive index variations in the structure can be selected to cause it to 

Ij^j support an electromagnetic (EM) mode that has a group velocity that changes sign over a 

Q range of non-zero wavevectors for the longitudinal axis. 

jpj 1 5 Referring again to the particular embodiment shown in Figure 1 , waveguide 100 

Cn includes an inner region 110 and an outer region 120 surrounding the inner region. The 

Ul 

,5 refractive index variation in outer region 120 is selected to cause electromagnetic EM 

[[J radiation propagating in inner region 110 to be substantially confined therein over at least 

i'y one range of frequencies. 

20 As shown in Figure 1, for example, outer region 120 can be formed by an alternating 

^- series of concentric dielectric rings 122 and 124 having high («/) and low (ri2) indices of 

refraction. The thickness of the respective layers is illustrated to the right of the cross-section 
in Figure 1 . The thickness and refractive index of each ring is selected to form a Bragg 
reflector similar to that formed in a planar, multilayer dielectric mirror. 
25 Such dielectric mirrors are an example of a one-dimensional photonic crystal, which 

is a material that has a periodic index variation along one dimension. Photonic crystals that 
have periodic index variations along additional dimensions are also possible. All photonic 
crystals form a photonic band gap that prevents EM radiation from propagating in the crystal 
along certain directions within a range of frequencies, but not for other frequencies above 
30 and below that range. The range of frequencies defines the band gap. In some cases, a 



7 



13445-014001 
MIT 8757 

photonic crystal can define a complete band gap, which prevents EM radiation from 
propagating in the crystal along any direction and for any polarization within a range of 
frequencies. Furthermore, a photonic band gap can also be formed with an aperiodic 
structure. For example, a "chirped" index in which the period of an index variation gradually 
changes along one or more directions may form a photonic band gap. Photonic Crystals are 
described in, e.g., John D. Joannopoulos et al, Photonic Crystals . Princeton University Press, 
Princeton 1995. 

In the present embodiment, concentric rings 122 and 124 form the Bragg reflector 
because they have a periodic index variation with respect to the radial axis. One suitable 
index variation is the "quarter wave condition," where the thickness of each layer is chosen 
such that njdi = n2d2, where di is the thickness of the high-index rings and d2 is the thickness 
of the low-index rings. In other embodiments, the quarter- wave condition may be relaxed or 
omitted entirely. 

In the embodiment shown in Figure 1, only five ring layers are used to form the 
Bragg reflector. In other embodiments, however, additional layers (e.g., from 10 to 30 
layers) may used to enhance the Bragg reflectivity. The appropriate number of layers may 
also depend on the index contrast between «/ and «2 (i.e., as the contrast increases, fewer 
layers are necessary), and on the length of the waveguide. To further prevent leakage of EM 
energy through the outer region and into the surrounding environment, a metal layer (not 
shown) may surround the outer dielectric region. 

Inner region 110 includes a dielectric core 112 and at least one dielectric annular 
region 114 surrounding the core. In the embodiment of Figure 1, for example, inner region 
110 includes a single annular region 114. As shown in Figure 1, dielectric core 112 has a 
radius Rr and index of refraction nr, and annular region 114 extends from r = R^Xor ^ R and 
has an index of refraction no smaller than that, Ur, of core 112. In conjunction with the radial 
confinement caused by the index variations in outer region 120, the index variations in imier 
region 110 are selected to produce the electromagnetic mode that has the group velocity that 
changes sign over the range of non-zero longitudinal wavevectors. 

The EM modes supported by a structure can be solved numerically according to 
Maxweirs equations. Furthermore, for an all-dielectric structure comprising isotropic media, 
Maxwell's equations can be reduced to: 
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where H and E are the macroscopic magnetic and electric fields, respectively, and s is the 
scalar dielectric constant for the structure. To solve for the EM modes of such a structure, 
one solves the eigenvalue equation given by Eq. 1 (where H is the eigenfunction and 
0)^/c^ is the eigenvalue) subject to the divergence equation, Eq. 2, to give H. Thereafter, one 
can determine E from H according to Eq. 3. 

Often symmetry can be used to simplify the solution. For example, with respect to 
waveguide 100, we can assume that it has continuous translational symmetry (i.e., a uniform 
cross-section) along its longitudinal axis, which we shall denote as the z-axis. In practice, 
however, structure 100 may have small deviations from such uniformity. Moreover, 
structure 100 will have a finite length. Nonetheless, based on the assumption of a uniform 
cross-section for some length that is large relative to the waveguide diameter, the EM modes 
supported by the waveguide can be written schematically as 

F{x,y,z) = cxp[i{^-a)t)]F{x,y) , where F is any of the electromagnetic field components. 
The parameter /] in the expression for F is the longitudinal wavevector. 

Referring again to Figure 1 and waveguide 100, we consider the following parameters 
for the various layers: rir = 330no, nj = 3.00no, n2 = 1 .50^^, Rr = 0.60a, R = 1 .50a, dj = a/3, d2 
= 2a/3. Dimensionless quantities are used: all indices of refraction are expressed in terms of 
no, and all distances are expressed in terms of a, the length of periodicity of the Bragg 
reflector (i.e., the combined thickness of each high and low index pair in the outer region). 

At p = 0, the first bandgap formed by the Bragg reflector in outer region 120 lies 
between co = 0.196 (27ic/noa) and co = 0.315 (27tc/noa). Thus, for small wavevectors p, the 
Bragg reflector substantially confines EM energy within this frequency range to region 110. 
Solving for the supported EM modes in this range, we find a mode at a frequency of 0.2055 
(27ic/noa). In analogy to the nomenclature of modes supported in cylindrical metallic 
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waveguides, we can refer to this mode as the HEi i mode. There are also additional modes 
supported by the waveguide in this frequency range, such as the TEoi and EHi i modes. 

The mode of interest is HEi i because we find that it has a point of zero group velocity 
at a non-zero wavevector. This corresponds to a singularity that gives rise to an additional 
peak in the density of states (DOS), which, as is described subsequently, can be used as a 
lasing cavity. The frequency and the group velocity for the HEi i mode are plotted as a 
function of P in Figure 2. The dependence of the DOS on frequency is also shown in the 
upper right part of the figure. We see that the frequency of the mode starts decreasing as we 
move away from p = 0. The frequency has a minimum at p « 0.07 (2n/a), after which it starts 
increasing, and the mode turns into a normal mode of the waveguide. 

In the lower part of Figure 2 we plot the group velocity of the HEi i mode. At p = 0, 
Vg is always zero because of time reversal symmetry. As we move away from p = 0 there is a 
sharp decrease in the group velocity. A minimum Vg of -0.08 (c/no) is attained at p w 0.01 
(27r/a). Following this minimum, the group velocity increases slowly and reaches 0 again at p 
« 0.07 (27r/a). In the region of negative group velocity, the energy transport is in a direction 
opposite to that given by the wavevector. The two points of zero group velocity produce two 
peaks in the DOS associated with this mode. One comes from the "usual" singularity at (P, 
co) = (0, 0.2055), and a second one from the additional singularity at (p, co) = (0.07, 0.2026). 

In contrast to the waveguide of Figure 1, the dispersion curve co(p) for a typical 
cylindrical waveguide starts at p = 0 with zero group velocity Vg = (dco/dp)p=o = 0, and 
thereafter co(P) increases monotonically. Index modulations introduced along the 
longitudinal axis of such a waveguide can give rise to a zero group velocity or an associated 
resonant cavity. Such prior art structures include the DBR and DFB lasers described earlier. 
On the other hand, the waveguide of Figure 1 has a uniform cross-section and nonetheless 
exhibits the zero group velocity at a non-zero longitudinal wavevector. Accordingly, the 
zero group velocity cannot be attributed to the conventional feedback mechanisms found in 
DFB and DBR lasers. In other words, the mode having the zero group velocity crossing is 
caused by the index variations in the structure orthogonal to the longitudinal axis. 

Notably, the location of the zero group velocity point can be tuned to achieve a 

desired value for the corresponding longitudinal wavevector (and its corresponding 

frequency) by changing the parameters of the waveguide (such as the ratios n/no and R/R). 
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Of course, some changes cause the zero group velocity point (at the non-zero longitudinal 
wavevector) to disappear altogether. For example, if the central rod 112 is removed and 
replaced with a dielectric of index no to match that of annular ring 114, the effect disappears. 
Accordingly, the effect is related to the presence of a high-index central core. Furthermore, 
calculations for the structure of Figure 1 in which there is only single annular ring 114 in 
inner region 110 indicate that the effect requires some minimum value of the ratio n/riQ. The 
precise value of the minimum is complicated by the parameters of the Bragg reflector formed 
in outer region 120. To estimate the minimum, we replace the Bragg reflector by a metallic 
cylinder of radius R. We then find an absolute minimum of (n/no)min « 3.0, which is 
obtained for R/R « 0.6. 

To better understand the role of the central core in obtaining the negative group 
velocity, one may consider the following formula that relates group velocity and energy 
distribution for a uniform waveguide: 

v,^wip^{fr-A) (4), 
where fj is the ratio of the electromagnetic energy in the transverse components to the total 
energy in the waveguide, and ft is the equivalent quantity for the longitudinal components. 
Accordinglyj/r+yi = 1. The formula shows that negative group velocity requires more 
energy to be in the longitudinal components than in the transverse components, i.e.,^^ > 50% 
and /r < 50%. Figure 3 shows an area plot of the energy distribution in four categories: i) 
longitudinal energy in the waveguide except for the central core; ii) longitudinal energy in 
the core; iii) transverse energy in the core; and iv) transverse energy in the rest of the 
waveguide. All four quantities are expressed as fractions of the total energy in the 
waveguide. The sum of the first two quantities is equal Xofu the longitudinal energy. One 
sees thatyi starts at 50% at P = 0, then it goes above the 50% line (the dashed line). At p « 
0.07 (27i/a),yL is equal to 50% again, which means that the group velocity is zero at this 
point. Looking now at the longitudinal energy vs. transverse energy in the central dielectric 
core (2"^ and 3^^ quantities in the area plot), one sees that the presence of the core favors the 
longitudinal components, therefore favoring the appearance of a region of negative group 
velocity. 

Although we observe a minimum value of (rt/wo)min « 3.1 for the embodiment of 
Figure 1 in which there is only a single annular region 114, the contrast ratio can be reduced 
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below this minimum by introducing additional annular regions to inner region 110. For 
example, Figure 4 shows another embodiment of a dielectric waveguide that supports a mode 
having a zero group velocity at a non-zero longitudinal wavevector, in which the contrast 
ratio is 2.40. In particular, Figure 4 shows the cross-section of a dielectric cylindrical 
waveguide 200 having an inner region 210 formed by a high-index core 212 and five 
concentric annular regions, and an outer region 220 formed by five additional concentric 
annular regions that form a Bragg reflector. The five concentric annular regions in inner 
region 210 include three low-index regions 214 altemating with two high-index regions 216. 
Similarly, the five concentric annular regions in outer region 220 include three high-index 
regions 222 altemating with two low-index regions 224. The particular thickness and index 
parameters are given as follows, where the different regions (including the core) are 
numbered from center towards the outside (e.g., dl is the radius of the central core): 
di=Ri=0.50a; d2=0.63a; d3=0.33a; d4=0.23a; d5=0.20a; d6=d8=dio=0.70a; d7=d9=dii=0.30a; 
ni=n3=n5=n7=n9=nn=2.40no; and n2=n4=n6=n8=nio=no. 

The energy of the mode is concentrated mostly in the first 6 layers. The 5 outer layers 
provide radial confinement and do not tend to influence the dispersion properties of the 
mode. Accordingly, we can think of the structure as being made of two parts with different 
functions: the inner region that produces the zero-group velocity point of the mode, and the 
outer region that radially confines the mode and suppresses radiative loss. For simplicity, the 
embodiment of Figure 4 includes only have 5 layers in the outer region to provide 
confinement. In other embodiments, the number of layers in the outer region may differ 
depending on what degree of radiative loss is acceptable. Furthermore, as described above, 
the waveguide may fiirther include.a metal layer surrounding the outer region to fiirther 
suppress radiative loss. 

Figure 5 shows the dispersion curve from the zero group velocity crossing of 
waveguide 200. The zero group velocity crossing occurs at (p, co) = (0.0275, 0.33218), 
where the wavevector |3 is in units of iTt/noa and the fi^equency co is in units of 2n)c/noa. 

The results relating to the waveguides 100 and 200 show that the location of the zero 
group velocity point scales with the values of a and the low index no. Moreover, in further 
embodiments, the parameters for the structures of Figures 1 and 4 can be modified so that 
higher-order modes exhibit the zero group velocity crossing. For example, the crossing can 

12 



13445-014001 
MIT 8757 

be made to occur in higher-order modes, such as HE21, HE31, etc. Generally, this requires an 
increase in the radii of the various layers such that the higher order modes can be brought 
into the bandgap of the Bragg reflector defined by the outer region. 

Additional embodiments of a waveguide supporting a mode having a zero group 
velocity for a non-zero longitudinal wavevector may differ from the cross-sectional profiles 
of waveguides 100 and 200. In particular, the values for the refractive index and thickness of 
each layer may scale differently from those of waveguides 100 and 200. Furthermore, in 
additional embodiments, the high-index core may include a small interior low-index region. 
For example, it may be desirable for the core to include a small hollow region through which 
an electrode might pass. Moreover, additional embodiments need not have the radial 
symmetry associated present in waveguides 100 and 200. Such symmetry simplifies the 
numerical calculation of the waveguide modes, but is not necessary to achieve the zero group 
velocity effect. For example, the cross-section of the inner regions (or the waveguide as a 
whole) need not be cylindrical, but rectangular or hexagonal cross-sections are also possible. 

To optimize the parameters for such additional embodiments of the waveguide, mode 
structures may be determined iteratively using Eqs. 1-3 (or more generally. Maxwell's 
equations themselves) to determine an index variation orthogonal to the longitudinal axis that 
produce the mode having the zero group velocity crossing. Typically, such embodiments 
will include: i) an outer region that substantially confines EM energy to an inner region 
surrounding the longitudinal axis; and ii) an inner region including a relatively low-index 
region surrounding a relatively high-index region such as a central core. Furthermore, 
additional embodiments need not have strict translation symmetry with respect to the 
longitudinal axis (i.e., the cross-section with respect to the longitudinal axis need not be 
strictly uniform). In such cases, however, the presence of the zero-group velocity mode is 
caused by the index variations in the structure orthogonal to the longitudinal axis, and not by 
any spurious or secondary non-uniformity along the longitudinal axis (unlike, for example, 
the longitudinal index variations in a DBR or DFB cavity). 

Moreover, in additional embodiments of the invention, the waveguides need not have 
a straight longitudinal axis, but rather, the longitudinal axis may bend. This is possible when 
the outer region provides sufficient confinement in the region of the bend. The use of an 
omnidirectional reflector for the outer region may facilitate such confinement. An 
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omnidirectional reflector is one that is reflective for all (or substantially all) incident angles 
and any incident polarization. The parameters of a Bragg reflector can be adjusted to exhibit 
this property, as described in: commonly-owned U.S. Patent No. 6,130,780; commonly- 
owned U.S. Patent AppHcation 09/551,908 entitled "All-Dielectric Coaxial Waveguide" and 
5 related PCT Publication WO 00/65386; and commonly owned U.S. Application 09/418,344 
entitled "Omnidirectional Multilayer Device for Optical Waveguiding" and related PCT 
Publication WO 00/22466. The contents of these documents are incorporated herein by 
reference. Furthermore, rather than the Bragg reflector, which is an example of a one- 
dimensional photonic crystal, the outer region may be selected to form a two-dimensional 
10 photonic crystal (e.g., such as a rectangular or hexagonal lattice of holes or dielectric rods). 
See, for example, R.F. Cregan et al., Science 285:1537-1539, 1999. 

The multilayer waveguides described above may be fabricated using multilayer co- 
drawing techniques, co-extrusion techniques, or deposition techniques. Suitable high-index 
materials may include chalcogenide glasses such as binary and ternary glass systems, heavy 

Q 16 metal oxide glasses, amorphous alloys, and high-index doped polymers. Suitable low-index 
materials may include oxide glasses such as borosilicate glasses, halide glasses, and poymers 
such as polystyrene. In addition, low-index regions may be fabricated by using hollow 
structural support materials, such as silica spheres or hollow fibers, to separate high-index 

;'fj layers. 

i'y 20 To efficiently couple EM energy into, or out of, the waveguides described above, one 

1^2 can adiabatically vary the properties of the zero group velocity waveguide. For example, one 

can change (e.g., taper) the radial dimensions of the waveguide, or slowly change the index 
of refraction of one or several of the layers. The effect of such adiabatic changes is the same 
as changing the frequency of operation of the waveguide fi"om one section to another. Thus, 
25 the middle section could have parameters that correspond to operating at the zero group 

velocity frequency, while the end sections could have parameters that give a larger value for 
the group velocity and thus a more efficient coupling to a different waveguide. 

Furthermore, the properties of the waveguides described above may be dynamically 
adjusted by using a bias source that selectively alters the refiractive index of a portion of the 
30 waveguide. For example, the bias source may be an optical or electrical source that interacts 
with material in the waveguide through a Kerr or Pockels effect. The refractive index change 
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produces a change in the location of the zero group velocity crossing. Typically, the 
refractive index change produces a proportionate change in the frequency of the zero group 
velocity crossing. Because the group velocity is small, however, even a small refractive 
index change produces a large change in the non-zero longitudinal wavevector corresponding 
to the zero group velocity crossing. Thus, a small bias can significantly change the spatial 
properties of the zero group velocity mode. Accordingly, such a bias can be used to 
dynamically affect the coupling efficiency into, and out of, the zero group velocity 
waveguides because the coupling depends on spatial phase matching with the zero group 
velocity mode. This effect can be used in any of the applications described below. 

The presence of the zero group velocity point in the waveguides described above 
make them useful for a variety of applications. One such application is that the waveguide 
can form the cavity for a laser. Typically, lasing can be explained in terms of a feedback 
mechanism in which emitted photons are multiply reflected back through a gain medium to 
produce further amplification. The feedback can be localized, as in Fabry-Perot cavities, or 
distributed, as in the DFB laser. In the case of the waveguides of the present invention, 
however, emitted photons stay in the active medium because the group velocity is zero. 

Figure 6 shows a schematic diagram of a laser 600 according to the present invention. 
Laser 600 includes a waveguide 610 having a longitudinal axis 612, a gain medium 620 
supported within the waveguide, and an excitation source 630. Waveguide 610 is similar to 
that described earlier in that it has an index variation orthogonal to its longitudinal axis that 
causes it to support an EM mode having the zero group velocity crossing. During operation, 
excitation source 630 causes gain medium 620 to emit photons at a frequency at or near the 
frequency corresponding the zero group velocity crossing. As a result, the emitted photons 
travel through the waveguide very slowly and stimulate further emission by the gain medium 
and thereby cause lasing. Gain medium 620 may be one or more of the dielectric regions that 
form the inner region of the waveguide, or it may be doped into one or more of such regions. 
For example, the gain medium can be a doped rare earth material such as in a Erbium-doped 
fiber. Erbium-doped fluoride fiber, or Praseodymium doped fiber, it can be a semiconductor, 
or it can be a chromophore such as a dye molecule. Excitation source 630 may produce an 
optical excitation (e.g., flashlamp, laser, diode array, etc.) or an electrical excitation (e.g., a 
voltage bias, current, etc.) depending on the particular gain medium. When an optical 
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excitation is used, either side pumping or axial pumping may be used depending on the 
transmission properties of the waveguide at the pump frequencies. Laser 600 may further 
include a bias source 640 to dynamically alter the location of the zero group velocity 
crossing. During operation, bias source 640 (e.g., an optical or electrical source) selectively 
causes a change in the refractive index of a portion of the waveguide. As described above, 
such a change typically causes a proportionate change in the frequency of the zero group 
velocity crossing, and a much larger change in the longitudinal wavevector of the zero group 
velocity crossing. Bias source 640 can therefore be used to selectively adjust the 
electromagnetic coupling efficiency into, and out of, waveguide 610. For example, bias 
source 640 can be used to modulate the output of laser 600. 

In another application, the waveguide structure can be used to enhance nonlinear 
optical effects because the region of zero group velocity effectively produces an axial 
confinement that build-ups optical intensity. In other words, optical energy stays in the 
structure a long time because the group velocity is small. The resulting increase in optical 
intensity can enhance nonlinear optical effects such as self-phase modulation or harmonic 
conversion. Referring to Figure 7, a waveguide 700 having the zero group velocity crossing 
receives an input optical signal 710 at a frequency in the range of the zero group velocity 
crossing. Because the signal travels slowly within the waveguide, its intensity builds up, and 
if its initial intensity is sufficiently large, it interacts nonlinearly with material in the 
waveguide. To better facilitate the effect, the waveguide may be doped with a material 
known to have a large nonlinear optical coefficients (x^^\ X^^\ etc.). Representative 
nonlinear interactions include, for example, self-phase modulation (SPM), where the 
refractive index becomes intensity-dependent, and harmonic conversion, where EM energy at 
the input frequency is converted into EM energy at a harmonic frequency. After propagating 
through waveguide 700, the EM energy emerges as output optical signal 720. Because of the 
passage through the waveguide, the output signal 720 will have one or more properties (e.g., 
phase, amplitude, firequency) that varies nonlinearly as a function of the intensity of input 
signal 710. 

In further embodiments, it is also possible to switch the nonlinear effect on and off by 
dynamically adjusting the properties of waveguide 700. For example, a bias source 740 may 
be used to adjust the refractive index of a constituent of waveguide 700. When the DC 
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source is turned on, for example, the frequency of the zero group velocity crossing may be at 
a first location corresponding to the frequency of input signal 710. On the other hand, when 
the DC source is tumed off, the frequency of the zero group velocity crossing may be at a 
location different from that of the input signal (or the zero group velocity mode may no 
longer be present), in which case the energy build up in waveguide 700 no longer occurs. 
Other permutations are also possible with respect to the bias source settings. Alternatively, 
one can exploit the relatively large change in the wavevector corresponding to the zero group 
velocity crossing that is induced by the bias, as described above. The bias source may 
produce an optical bias signal, which, for example, can modify the constituent through the 
Kerr effect, or it may produce an electrical bias signal, which, for example, can modify the 
constituent through the PockePs effect. 

Embodiments of the invention may include such switching applications even when 
the nonlinear effect is not present or is small. For example, Figure 8 shows a waveguide 800 
having the zero group velocity point being used in one leg of a Mach-Zehnder interferometer 
812 to form an amplitude modulator 810. In particular, a splitter 820 separates an input 
signal 822 into two components that travel different legs of the interferometer. One leg 
includes the waveguide 800, which is coupled to a bias source 802. The bias source causes 
the waveguide to impart a phase shift to the component traveling there through. Notably, the 
phase shift can be very large when the bias shifts the frequency of the zero group velocity 
point to or from that of input signal. A second splitter 824 recombines the two components 
to produce an output signal 826, whose intensity will depend on the phase shift imparted by 
waveguide 800. In additional embodiments, waveguide 800 and bias source 802 can be used 
on there own as a phase modulator. As in the nonlinear module of Figure 7, the bias source 
may produce an optical or electrical bias signal. 

In another application, the waveguide having the zero group velocity point may be 
used as a dispersion compensating element. Group velocity dispersion (GVD) relates to the 
frequency dependence of the group velocity and is defined as: 

OVD-fl^-^^^ (4) 

At d 0) ca dfi 

GVD typically includes contributions from the frequency dependence of waveguide 
supported modes (waveguide dispersion) and chromatic dispersion in materials (material 
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dispersion). Such dispersion causes pulse spreading in optical communications, especially 
when, e.g., signals propagate over large distances of fiber. The dielectric structures described 
herein can be tuned to produce a large, desired dispersion at a selected frequency. In 
particular, as one approaches the zero group velocity point, the waveguide dispersion 
becomes infinite. Referring to Eq. 4, it is clear that dispersion is very large near the zero 
group velocity crossing because of the 1/v^, term. This follows from the fact that as the 

group velocity approaches zero, relative changes in the group velocity as a function of 
frequency become very large. Furthermore, referring to Eq. 4, one sees that the dispersion 
will be negative to the left of the crossing (smaller yfl), and positive to the right because Vg 

changes sign, whereas — - is relatively constant at the crossing. 

An important parameter for a dispersion compensator is the ratio between dispersion 
and loss. This is called the figure of merit (FOM) of the dispersion compensator. Loss is 
proportional to 1/v^, , so it is also very large near the zero group velocity crossing. 

Nonetheless, the divergence in the dispersion goes as 1/v^, , so the figure of merit is 

proportional to 1 / v^, and can be very large near the zero group velocity crossing. 

This application is illustrated schematically in Figure 9. An optical signal 900 is 
transmitted between two nodes 902 and 904 of a telecommxmications network along an 
optical transmission line 910 (e.g., an optical fiber) that introduces dispersion to signal 900. 
The optical transmission line may also direct the signal through additional components that 
introduce dispersion. A waveguide 920 having a zero group velocity point is introduced into 
the optical transmission line somewhere between the two nodes. The parameters of the 
waveguide are selected to impart an opposite dispersion to that imparted by the other 
components and the transmission line itself As a result, pulse broadening between the two 
nodes can be reduced. When the signal has a frequency in the range of the zero group 
velocity point of waveguide 920, the dispersion produced by waveguide 920 is very large and 
thus the compensation can be achieved over a relatively short length of the waveguide. 
Moreover, one can impart either negative or positive dispersion by coupling the incoming 
signal to wavevectors that are either smaller or larger than the wavevector corresponding to 
the zero group velocity crossing. As described in other applications above, the dispersion 
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compensator may further include a bias source 940 to dynamically alter the location of the 
wavevector corresponding to the zero group velocity crossing, and thereby alter the sign 
and/or magnitude of the dispersion imparted to signal 900. 

In another application, the zero group velocity waveguide can be used as a time delay 
element. For example, Figure 10 shows an optical system in which two optical signals 1010 
and 1012 propagate along different paths 1014 and 1016. The two paths may be derived 
from a common source or may connect to a common target. One of the paths (e.g., path 
1014) includes a waveguide 1030 having a zero group velocity crossing as described above. 
The zero group velocity crossing is at frequency at or near that of signal 1010. As a result, 
signal 1010 travels slowly through waveguide 1030 and is delayed relative to signal 1012. 
Such a delay may be useful, for example, in radio frequency signal processing applications 
where low frequency EM signals (e.g., radio frequencies) are carried on such optical signals 
and one is trying to introduce a phase delay between the respective low frequency signals 
prior to their recombination. For example, the delay can be used in a beam-steering antennae 
where the signals are carried from a synchronized source to different antennae in a phased- 
antenna array or vice versa. 

A number of embodiments of the invention have been described. Nevertheless, it will 
be understood that various modifications may be made without departing from the spirit and 
scope of the invention. Accordingly, other embodiments are within the scope of the 
following claims. 



WHAT IS CLAIMED IS: 
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